The development of porous nanomaterials with high efficiency for environmental remediation has been attracting significant attention and becoming an important topic recently. Metal-organic frameworks (MOF) are hybrid inorganic-organic porous materials containing a metal-oxygen cluster and organic molecules, which are becoming an alternative to traditional inorganic porous materials, such as zeolite and silica, for environmental remediation owing to their fascinating characteristics. Recent studies have demonstrated that MOF are one of the most efficient adsorbents or catalysts in gas separation, solar energy conversion and photocatalytic applications. This review mainly summarizes the recent progress on the adsorptive and degradation treatment of various gaseous pollutants by MOF materials. In this review, the physical and chemical adsorption of gaseous pollutants in air by MOFs will be discussed, and strategies for maximizing the adsorption capacity by tuning the physical and chemical properties of MOFs at the atomic level are systematically summarized. In particular, a promising strategy based on the synergistic effect of adsorptionconcentrated photocatalytic oxidation of gaseous pollutants with this newly emerging MOF is also introduced, as it holds great potential in the treatment of gaseous pollutants in consideration of its high efficiency, low cost and being free from secondary pollution. In the end, the challenges faced, the prospects, and our personal perspective on future research directions are also estimated and elucidated.
Metal-organic framework-based nanomaterials for adsorption and photocatalytic degradation of gaseous pollutants: recent progress and challenges Meicheng The development of porous nanomaterials with high efficiency for environmental remediation has been attracting significant attention and becoming an important topic recently. Metal-organic frameworks (MOF)
are hybrid inorganic-organic porous materials containing a metal-oxygen cluster and organic molecules, which are becoming an alternative to traditional inorganic porous materials, such as zeolite and silica, for environmental remediation owing to their fascinating characteristics. Recent studies have demonstrated that MOF are one of the most efficient adsorbents or catalysts in gas separation, solar energy conversion and photocatalytic applications. This review mainly summarizes the recent progress on the adsorptive and degradation treatment of various gaseous pollutants by MOF materials. In this review, the physical and chemical adsorption of gaseous pollutants in air by MOFs will be discussed, and strategies for maximizing the adsorption capacity by tuning the physical and chemical properties of MOFs at the atomic level are systematically summarized. In particular, a promising strategy based on the synergistic effect of adsorptionconcentrated photocatalytic oxidation of gaseous pollutants with this newly emerging MOF is also introduced, as it holds great potential in the treatment of gaseous pollutants in consideration of its high efficiency, low cost and being free from secondary pollution. In the end, the challenges faced, the prospects, and our personal perspective on future research directions are also estimated and elucidated.
Introduction
The release of toxic pollutants into environmental matrixes is a worldwide risk of growing concern. 1 A large number of different types of hazardous materials are emitted into water and air every year, including NO x , SO x , CO, nitrogencontaining organic compounds (e.g. hydrogen cyanide), sulfur-containing compounds (e.g. organothiols) as well as volatile organic compounds. [2] [3] [4] These toxic pollutants are mainly derived from anthropogenic activities, [5] [6] [7] such as burning of fossil fuel, the leakage of harmful industrial gases and vapors, and chemical warfare agents, as well as industrial sewage discharge. [8] [9] [10] The discharge of harmful gases/vapors into air can cause significant harm to the ecoenvironment and human health. [11] [12] [13] [14] Owing to the considerable increase of harmful industrial gases/vapors emissions, a stringent regulation has been proposed whereby the maximum VOC emission level by 2020 should be reduced by half in comparison with that emitted in 2000 in EU member countries. 8 Therefore, efficient removal of toxic pollutants from the environment has attracted a great deal of attention and is becoming a very hot topic. The effective removal of harmful gases/vapors is of significant importance for the protection of the environment and for the people who are at danger of being exposed to such hazardous compounds. 15 Currently, there are many technologies for environmental purification, including membrane separation, incineration and oxidation. [16] [17] [18] However, most treatment methods suffer from high cost, low efficiency and/ or the generation of secondary pollutants. In this regard, adsorption and photocatalysis are emerging as cost-effective
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advanced technologies for environmental purification in the view of their low cost, low levels of secondary products, easy separation and environmentally benign nature. 19 The adsorption capture of harmful gas/vapor is based on the adsorption capacity and selectivity of a porous adsorbent, of which the specific toxic materials can access the pores of a solid adsorbent and be trapped via van der Waals force (physical adsorption) or chemical bond formed between the adsorbent and adsorbate (chemical adsorption). [20] [21] [22] The physical adsorption capacity of a solid adsorbent is significantly affected by its pore and cavity size as well as surface area, where the chemical adsorption capacity of a solid adsorbent is highly dependent on its surface functionality (acid or basic), surface atomic coordination, and electron density (electron deficient or electron rich). There are many porous materials with large surface area and rigid structure that have been explored as adsorbents for physical adsorption of toxic compounds. These materials include activated carbon, porous silica, aluminosilicate zeolites, carbon nanotubes, resins, molecular sieves and pillared clays. 18, [23] [24] [25] [26] [27] Considerable achievements have been obtained by using these inorganic porous materials as adsorbents for capturing toxic compounds, some of which are now being used in industry in practical applications. 28 However, owing to their inner surface properties, the adsorption capacity of these inorganic porous materials is mainly based on physical adsorption, whilst chemical adsorption contributes a little. To increase the chemical adsorption capacity, complicated chemical modification processes are usually required to functionalize these adsorbents to create specific adsorption sites. 29, 30 On the basis of the above discussion, a solid material, which is able to offer sufficient design opportunities, is highly desirable for efficiently removing harmful gas/vapor from the environment. Metal-organic frameworks (MOF) are an attractive class of organic-inorganic porous materials, constructed from inorganic secondary building units (metal oxide clusters or metal ions) coordinating to organic moieties. [31] [32] [33] Such coordination polymers offer significant chemical and structural diversity, and have outperformed the traditional porous materials in adsorption of harmful gas/vapor owing to the ability to elaborately tailor the pore size and chemical property of MOFs at the molecular level. 34, 35 highly crystallized solid materials having semiconducting property, affording remarkable photocatalytic activity to the degradation of organic pollutants with considerable thermal stability. Therefore, these unique characteristics endow MOFs with a "self-cleaning" ability, in which the adsorbed gas/vapor is in situ degraded upon light irradiation. Thus, the purification of gaseous pollutants from the environment by MOFs will likely play a vital role in the near future.
In this review, the physical and chemical adsorption of hazardous pollutants existing in the atmospheric environment by MOFs is mainly summarized, and this review is conceptually divided into four major categories: (1) toxic inorganic gases, volatile organic compounds (VOCs) and particulate matter adsorption based on size confinement and adsorbate-surface interactions are respectively reviewed and summarized. (2) Strategies for maximizing the adsorption capacity, as the adsorption uptake is significantly affected by many factors, including functionality, humidity, coordinatively unsaturated metal cations, acidity, basicity and defects in the MOF. In this section, the successful strategies for tuning the surface properties to enhance the adsorption capacity are systematically summarized. (3) MOF-based photocatalysts for the degradation of gaseous pollutants as well as adsorbent regeneration. (4) Finally, the challenges faced and our personal perspective on future research directions are also discussed and pointed out. We do believe that MOFs have a bright future in environmental purification, not only for physical and chemical adsorption removal, but also for photocatalytic degradation of hazardous atmospheric pollutants.
Adsorption of gaseous pollutants with MOF-based nanomaterials

Toxic inorganic gas adsorption with MOF-based nanomaterials
Usually, named toxic and hazardous gases, including H 2 S, CO, NO x , NH 3 , halogens and SO x , mainly released by burning of fossil fuels, are of major concern for environmental air pollution. These toxic gases are a major threat to the environment and human health, leading to photochemical smog, acid rain, and greenhouse effect, as well as various respiratory diseases from their chronic exposure even at very low concentrations. Therefore, the removal of these harmful gases from the environment is an important aspect for pollution control and the protection of human health. Considering the physicochemical characteristics of these toxic gases, most of them are redox active, σ-donor or π-acceptor substances, so their physical adsorption by using an adsorbent with adequate pore size and cavity is not enough, since the weak force of physical attraction between the adsorbate and adsorbent leads to a low adsorption capacity and secondary pollution. Therefore, chemical adsorption by forming specific interactions between the adsorbent and the adsorbate is highly desirable. In this section, the chemical adsorption of toxic gases by MOFs will be discussed.
Adsorption of H 2 S. H 2 S is a flammable, poisonous and corrosive gas emitted from municipal sewage, animal farms, polluted sewers and ports, and may travel along the ground as it is heavier than air. This substance causes inflammation of the eyes, skin burns, and respiratory diseases, and significantly affects human health. The toxicity level of 100 ppm is reported to be immediately dangerous to life or health. 20 Therefore, MOF with high affinity, capacity and selectivity for H 2 It is well known that sulfur is naturally contained in fossil fuels, in both oils and natural gas. The combustion of fossil fuels and oils produces a large amount of SO 2 , which can immediately affect human health after breathing it in. The toxicity level that is immediately dangerous to life or health is reported to be 100 ppm. 20 39 In this regard, a highly robust MOF MFM-300ĲIn)
constructed by using biphenyl-3,3′,5,5′-tetracarboxylic acid as an organic linker and In 3+ as a metal centre was reported. 41 The multi coordination between clusters and organic linkers of MFM-300ĲIn) led to a highly porous and robust material with one-dimensional pore channels. MFM-300ĲIn) has high affinity for SO 2 , and the capacity of MFM-300ĲIn) for SO 2 3 (X = F, Cl, OH)), MIL-88B-NO 2 (Fe 3 OXĲ 2 -nirtoterephthalate) 3 ), MIL-88B-2OH (Fe 3 OXĲ2,5-dihydroxyterephthalate) 3 ) were synthesized at large scale and investigated for the adsorption of toxic gases. 42 The results showed that significant amounts of NO can be captured by these highly flexible iron-based MOFs, and the adsorption capacities of these MOFs are obtained in the range of 1-2.5 mmol g −1 , which is lower than the theoretical values (2.5-3. between electron-deficient copper cations and the CO dipole. 44 MOFs with open metal sites have been shown to behave as efficient adsorbents in toxic gas adsorption. Adsorption of halogens. Halogens are reactive chemicals and are widely used in many aspects of human life, including disinfection of drinking water, swimming pools, drug discovery, and the chemical industry. The high toxicity, corrosiveness and volatility of light halogens has seriously affected human health. MOFs have also displayed excellent adsorption capacity towards halogens, because both the open metal site and the linker of MOF are capable of interacting with halogens. The earliest study of Cl 2 gas adsorption onto MOFs was reported by Britt and co-workers, who employed four isoreticular MOFs for Cl 2 adsorption. 45 Among those MOFs, amino-functionalized IRMOF-3 (constructed by using 2-aminoterephthalate as the organic linker and Cu cations as the metal centres) displayed the highest adsorption capacity owing to the formation of an ammonium chloride adduct between IRMOF-3 and chloride. 45 MOFs to high concentrations of light halogens will cause the collapse of the framework of the MOFs owing to the generation of corrosive acid attacking the nodes of the MOFs. 47 In this case, the development of redox-active MOFs for the adsorption of halogens via the oxidation reaction between halogens and metal sites of MOFs is a promising strategy for preventing the generation of corrosive acid, resulting in the reversible adsorption of halogens. Tulchinsky et al. developed a redox-active MOFs constructed by using CoĲII) ions as the metal centres and BTDD (bisĲ1H-1,2,3-triazoloĳ4,
as the organic linkers for reversible capture and release of Cl 2 and Br 2 . 48 It was suggested that halogen was captured by the redox reaction between Cl 2 /Br 2 and CoĲII) to form CoĲIII)-Cl/Br bonds, as illustrated in Fig. 2a . The possible halogen desorption mechanism pathway is also displayed in Fig. 2b . That is, treating the oxidized MOFs at considerable high temperature can cause the reduction of CoĲIII) to CoĲII) along with the release of halogen. Importantly, the reversible adsorption-desorption via the chemical reaction occurs with no significant loss of adsorption capacity or structural integrity. These works highlighted the advantages of MOFs for removing halogen gas. However, the main drawback to the application of MOFs with open metal sites in gas adsorption is that water in the air may significantly hamper the adsorption capacity of MOFs as a result of the irreversible coordination bonds between molecular water and the open metal sites of MOF. It is important to fully understand how water affects the adsorption performance of MOFs. In this regard, Mavrandonakis and coworkers carried out a theoretical study of the interaction of various gases (CO, NO, OCS, SO 2 , NO, NO 2 , N 2 O, NH 3 , PH 3 ) with Cu 3 ĲBTC) 2 , 49 and the calculated adsorption energies of the toxic gases onto the open CuĲII) metal site of Cu 3 ĲBTC) 2 follow this order: 50 Overall, these works present useful information for exploring MOF-based materials for toxic gas removal. However, their stability is still very low, since the strong interaction between these toxic gases and the open metal sites of MOFs cause the decomposition of the framework with a great loss of porosity. Therefore, further study for improving the stability of these adsorbents should be carried out as stability towards water is a major requirement for practical application. 51 Many strategies, such as tuning the hydrophobicity/hydrophilicity properties or steric factors, have been developed for improving the stability of MOFs used under high humidity conditions. The hydrophobic MOFs can prevent the H 2 O approaching the cluster or MOFs, hindering the hydrolysis reaction. Similarly, steric factors can also reduce the hydrolysis reaction kinetics by increasing the activation energy barriers. Increasing the coordination number between metal cations and organic linkers can significantly enhance the stability of MOFs in the presence of water by creating a crowding effect around the metal nodes. Subsequently, a series of zirconiumbased MOFs were prepared via a solvothermal method, and the Zr atoms in the nodes of the MOFs exhibit a sevencoordination mode with the oxygen of the organic linkers. The as-obtained MOFs are highly stable when they are exposed to water and have a remarkably high thermal stability up to 500°C. 52 Except for optimizing the framework stability and tuning the hydrophobicity/hydrophilicity properties of MOFs, creating new pore and binding sites by coupling MOFs with other functional materials is also suggested to improve the physical and chemical adsorption capacity of MOFs. [53] [54] [55] 57 The adsorption capacity towards NO is drastically increased in comparison with the parent MOF. However, the limited number of open metal sites of MOFs and the repulsion effect between adsorbed molecules led to the low adsorption capacity, which hinders MOFs in flue gas purification applications. Beside open metal sites, considerable effort has also been contributed to anchoring new binding sites within the walls of MOFs. MOFs bearing functionality are also widely used for improving the adsorption capacity for toxic gases. Amino, one of the most popular functionalities, has been widely used as a powerful functionality to tune the adsorption capacity of MOFs by forming H-bonds between amino groups and the adsorbate. Recently, Janiak and co-workers also introduced a urea R-NH-CO-NH-R functional group within a zinc-based MOF for the adsorption of SO 2 and NH 3 . 58 It was found that the urea-functionalized MOF exhibits an uptake of 10. 
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Adsorption of OVOCs. Atmospheric OVOCs, such as aldehydes, ketones, alcohols, and ethers, originate from the incomplete combustion of fuels, evaporation of oxygenated solvents or fuels, emissions from natural activities, and the atmospheric oxidation of hydrocarbons. The oxidation of hydrocarbons existing in the atmosphere is the most important source of OVOCs. Take the oxidation of CH 4 as an example; the chemical reaction between CH 4 and hydroxyl radicals mainly formed by the photolysis of ozone gives rise to methanol, formic acid, or formaldehyde as products. The oxidation of larger hydrocarbons may result in the formation of a variety of OVOCs. It is well known that OVOCs are generally more reactive than the other types of VOCs owing to their high polarity, making a significant contribution to ozone and aerosol formation and posing a serious health risk. It should be pointed out that O 3 as a major pollutant in the atmosphere has very high oxidising potential; it is mainly generated by It should be pointed out that formaldehyde is extremely toxic to humans; the maximum acceptable formaldehyde concentration is 0.1 ppb in 30 min. 70 Currently available porous materials usually display very low sensitivity for formaldehyde adsorption. Therefore, it is very important but challenging to develop a sensitive adsorbent towards formaldehyde at the ppb level. MOF featuring both open metal sites and uncoordinated amino groups may offer available adsorption sites for formaldehyde at ppb level. In this case, MOF-5 was employed as an adsorbent for detecting formaldehyde at very low ppb levels (0.012 to 0.048 ppb), and the performance was much better than that of graphitized carbon black and TenaxTA, 71 showing the great potential for practical applications. As mentioned above, most MOFs display poor stability towards water. Therefore, Zheng and co-workers developed a diamine-appended MOF for improving formaldehyde adsorption in highly humid conditions. The adsorption capacity of diamine-appended MOFs increased with the increase of amino groups to a certain concentration. The maximum adsorption capacity reached 5.49 mmol g −1 . Importantly, the diamine-appended MOFs also greatly improved the recyclability and water resistibility owing to the reversible interaction between formaldehyde and amino groups. The lone pair of the amine group interacts with the carbonyl carbon of formaldehyde, followed by the proton exchange process and dehydration to form imine. This reaction process is reversible, leading to recoverable MOFs. In a reaction analogous to formaldehyde adsorption onto diamine-appended MOFs, the produced imine can also be detected in the adsorption of acetaldehyde with amino groups of NH 2 -MIL-101ĲAl) and NH 2 -MIL-53ĲAl). 72 Meanwhile, Cu-based MOF-199 and Zr-based
MOFs were also exploited for the detection of aldehydes ranging from C1 to C5 carbonyl compounds. 73 These studies suggest that MOFs are a very sensitive adsorbate for detecting aldehydes at low concentration, showing great potential in the design of in-door aldehyde adsorbents. In addition to aldehydes, the adsorption of alcohols, ketones and ethers has also been studied extensively. Adsorption of N-or S-containing organic compounds. Nor S-containing organic compounds are specially discussed in this review because they have long been associated with nuisance odors. These odorous vapors are emitted from both fossil fuels and human activity. The discharge of N-or S-containing organic compounds causes various environmental hazards and health effects. Thus, the efficient control and treatment of N-or S-containing organic compounds is very important. Recent studies have shown that selective capturing of these odorants with MOFs is very attractive and effective approach. According to Pearson's HSAB theory, MOFs with hard Lewis acid sites or soft Lewis acid sites have a preference to interact with N-or S-containing organic compounds through acid-base interaction. It should be noted that the soft bases, i.e., S-containing organic compounds, preferentially interact with soft Lewis acid sites ( 78 The authors found that MIL-101ĲCr) displayed the strongest affinity to n-butylamine. Similar to the adsorption of toxic gases with high polarity, n-butylamine can serve as an electron donor, and the open metal sites of MIL-101ĲCr) can be considered as electron acceptors during the adsorption process, resulting in the strong electron donor-acceptor interactions. The adsorption of N-or S-containing organic compounds has been mainly explained with acid-base interaction owing to the electron rich N or S atom of the adsorbate and the electron-deficient metal sites of the adsorbent. In addition to the acid-base interaction, the specific interactions such as H-bonding and π-complexation as well as synthesis of hydrophobic MOFs were also observed to enhance the adsorption capacity of pyridine and benzothiophene. 81, 82 Recently, Zhong and coworkers demonstrated that the adsorption capacity of UiO-66 towards pyridine increased with increasing amino groups in UiO-66 owing to the increased H-bonding between the amino groups of UiO-66 and the N atom of pryidine. 82 Navarro and co-workers synthesized a highly hydrophobic MOF for the capture of harmful VOCs by using a pyrazolate-based organic linker and nickel cation as a connecting centre. 83 MOFs with trifluoroalkyl incorporated exhibit a significant increase of adsorption capacity towards diethylsulfide owing to the super hydrophobic property of MOFs. However, most of the reported studies have been focused on the adsorption of inorganic pollutants, such as NO 2 , NO, NH 3 , H 2 S, and SO 2 . Only a few studies have been conducted on the adsorption of gaseous N-or S-containing organic compounds. Hopefully, attention will be continuously paid to this research area. Adsorption of halogenated organic compounds. In addition to N-or S-containing organic compounds, halogenated organic compounds, as a large class of heteroatomcontaining organic compounds containing halogens such as fluorine, chlorine, or iodine, have also received significant attention. This class of compounds is extremely important in the production of insecticides, herbicides, and fungicides as the starting materials or additives. 84 The inefficient disposal of these halogenated organic compounds causes harmful effects to our ecosystem and health. 85 Therefore, the adsorption and enrichment of halogenated organic compounds is highly important and demanded. It is reported that MIL-101 with a large number of open metal sites display very high affinity for dichloromethane as a result of a strong interaction between the unsaturated metal sites of MIL-101 as an electron acceptor and the dichloromethane as an electron donor. 78 Li et al. also studied the adsorption of 1,2-dichloroethane by MIL-101, and the adsorption capacity was measured to be 19 mmol g −1 , much higher than those of zeolite, activated carbon and carbon nanotubes. 86 It was found that the interaction between the open metal site of MIL-101 and 1,2-dichloroethane is much stronger than the interaction formed between the space of the framework and 1,2-dichloroethane. Bullot and co-workers also the reported the adsorption of 1,2-dichlorobenzene and 1,2,4-trichlorobenzene by using MIL-101 as the adsorbent. 87 It can be imagined that a strong π-π interaction between the MOFs and the adsorbate may play a vital role in the adsorption of halogenated aromatic compounds. In this regard, MOFs appear as very promising adsorbents for halogenated aromatic compounds. However, the presence of water vapor significantly reduces the adsorption capacity of MOFs towards halogenated organic compounds since water is considered as a hard base, which strongly interacts with the open metal sites of MOFs through acid-base interaction. 88 Therefore, it is important to reduce the hardness of metal sites or change the hydrophobicity of MOFs to make water-resistant MOFs. On the other hand, halogenated aromatic compounds are highly toxic. It is widely accepted that halogens are electron-withdrawing groups in halogenated aromatic compounds. Therefore, the selective adsorption of these highly toxic halogenated aromatic compounds is very important. In this regard, Zhao et al. reported a highly hydrophobic MOF (N-coordinated UiO-66(Zr) for the adsorption of chlorobenzene over water. It was found that the hardness of Zr in the MOF is decreased by the electron donation of N to Zr, along with the enhanced hydrophobicity of the MOF, resulting in the dramatic reduction of the water adsorption capacity. Undoubtedly, the adsorption of chlorobenzene is significantly enhanced by N-coordinated UiO-66(Zr) as compared to unmodified MOFs. 89 This study may also shed light on the selective adsorption of halogenated aromatic compounds over parent aromatic compounds, in which MOFs with soft Lewis acid sites may display preferable adsorption of halogenated aromatic compounds over aromatic compounds owing to the reduced electron density of the benzene rings. Adsorption of aromatics. Aromatic pollutants including benzene, benzene homologues and other polycyclic aromatic hydrocarbons with ring structure, widely found in effluents and the atmosphere, have been reported to have numerous potential negative health effects. Aromatic pollutants, as ubiquitous pollutants, are very stable and need a long time to be degraded. The adsorption technology with porous materials has attracted significant attention owing to the high control efficiency and green process for removing aromatic pollutants. As is well known, a large number of MOFs have a phenyl ring in the wall of their structure and open metal sites in the node, which benefits VOCs adsorption through π-π interaction and cation-π interaction between aromatic pollutants and MOFs. Furthermore, the ultrahigh surface area as well as the unique pore structure also play positive role in the pore/size selective adsorption of aromatic pollutants. Taking MIL-101ĲCr) as an example, constructed from Cr cations as connecting centers and 1,4-dicarboxybenzene as the organic linker, it has a large surface area and numerous mesoporous cages connected with microporous windows, 90 holding great potential for aromatic pollutant adsorption. Indeed, MIL-101 has been proven to be effective in the adsorption of a wide range of VOCs with different functionalities and polarities, such as benzene, ethylbenzene, and xylenes owing to the π-π interaction and cation-π interaction as well as the adequate pore/cavities and ultrahigh surface area. 75, 88, 91 Moreover, the size and shape of VOCs also affect their adsorption on MIL-101ĲCr). In addition, MIL-101ĲCr) outperforms other commercially available inorganic oxide adsorbents in the adsorption of benzene, ethylbenzene and xylenes. Taking benzene adsorption as an example, the adsorption capacity of MIL-101 (∼13 mmol g View Article Online practical application in VOC adsorption. 75, 92, 93 In addition to MIL-101ĲCr), HKUST-1, MOF-177, MIL-47, Al-MIL-53, Zn(bpb) (1,4-(4-bispyrazolyl)benzene) and Ni(bpb) have also been studied for the adsorption of benzene and benzene homologues, and these MOFs with a phenyl ring all displayed considerable removal efficiencies. 76, 80, [94] [95] [96] Undoubtedly, the reactive adsorption by forming specific interactions between the adsorbent and the VOCs is vital for selective adsorption of VOCs. Differing from the selective adsorption of toxic gases, the size and shape of VOCs greatly affect their adsorption on MIL101ĲCr) and has been significantly studied. Moreover, owing to the size/shape exclusion, some adsorbates with large size and unique shape are prevented from diffusing into the pores of an adsorbent while adsorbates with specific size or shape are allowed to enter the pores. MIL-101ĲCr) has two types of cages (29 and 34 Å in diameter) with two different windows (12 and 16 Å); Yang and coworkers applied MIL-101ĲCr) to the selective adsorption of ethylbenzene and p-xylene from o-xylene and m-xylene. 75 In their study, ethylbenzene and p-xylene were adsorbed within the pores of MIL-101ĲCr) while o-xylene and m-xylene are prevented from diffusing into the pores of MIL-101ĲCr) owing to the steric effect. In addition, a monoclinic MOF (Zn 3 Ĳbdc) 3 ĲH 2 O) 3 ĲDMF) 4 ) was also applied in the adsorption of xylene and displayed high selectivity towards p-xylene over other xylene isomers owing to the fast diffusion and migration rate into the pores of the MOFs. However, another zincbased MOF (MOF-5) showed preferable adsorption of ethylbenzene over xylene isomers. 97 Titanium-based MOFs, Ti 8 O 8 ĲOH) 4 ĲNH 2 -BDC) 6 and Ti 8 O 8 ĲOH) 4 ĲBDC) 6 , and an aluminum-based MOF, (Al 8 ĲOH) 4 -(OCH 3 ) 8 ĲNH 2 -BDC) 6 ), with two unique types of cage are all able to separate p-xylene from a mixture of xylene isomers. 98 A zinc-based MOF (ZnĲip)Ĳbpa)) (ip: isophthalate; bpa: 1,4-bisĲ4-pyridyl)acetylene) with a one dimension pore channel was synthesized for selective adsorption of benzene at room temperature. 99 In the case of polycyclic aromatic pollutant separation, the size/shape exclusion of MOFs may play a vital role. Currently, promising results for polycyclic aromatic pollutant adsorption have been obtained in the liquid phase, 100,101 while the separation of polycyclic aromatic hydrocarbons in the gas phase using MOFs has not been widely reported, which provides a strong motivation for studying this topic. These studies suggest that the pore-filling mechanism by adjusting the nature and size of pores in the framework as well as the π-π interaction and cation-π interaction mechanisms show great potential for selective adsorption of aromatic pollutants with certain size and shape. Adsorption of aliphatic hydrocarbons. Aliphatic hydrocarbons composed of carbon and hydrogen are mainly emitted from petroleum or natural sources. The oxidation of aliphatic hydrocarbons with hydroxyl radicals in the atmosphere is the most important source of OVOCs. Aliphatic hydrocarbons can also be directly involved in the formation of aerosols. More importantly, most aliphatic hydrocarbons are flammable. Therefore, the adsorption and separation of aliphatic hydrocarbons is significantly important from environmental and economic perspectives. Aliphatic hydrocarbons can be saturated or unsaturated, straight chain, branched chain or cyclic, and compositions among aliphatic hydrocarbons vary widely. The development of MOFs that could selectively adsorb a certain aliphatic hydrocarbon is attracting great attention. Indeed, a great number of MOFs have been applied for the adsorption and separation of aliphatic hydrocarbons. 102, 103 In general, MOFs with high surface area preferentially adsorb the short chain hydrocarbons owing to van der Waals interactions. [104] [105] [106] Increasing the chain length of pollutants may cause a decrease of the uptake capacity in most cases. 103 111 Zn-BTM has a quasi-discrete pore structure, in which the isolated cavity is used for controlling C 4 H 6 conformation and the continuous channels are applied for diffusion of other C 4 hydrocarbons. Thus, Zn-BTM eluted 1,3-butadiene first, then butane, butene, and isobutene, finally realizing the C 4 H 6 purification. In addition, the efficient adsorption of C 4 -C 6 alkane isomers by IRMOF-1 and IRMOF-6 was investigated by Liu and co-workers. They found that the alkane isomers are firstly adsorbed onto Zn 4 O, followed by filling the pore of the MOFs with linear alkanes, while it is difficult for branched alkanes to enter to the pores of the MOFs. 108 117 However, the processes of removing warfare agent with MOF is different from the adsorption of aromatic pollutants. In the case of warfare adsorption, the removal of warfare agents is usually carried out under high humidity and chemical reactions occurs in most cases. Therefore, the development of highly hydrophobic MOFs is a promising strategy. In this context, zinc-based MOFs (constructed by using zinc ions as the connecting centers and 3,5-dimethyl-4-carboxypyrazolato as the organic centers), with a similar structure to MOF-5, was proven to be effective for the removal of sarin nerve gas (diisopropyl fluorophosphate) and vesicant mustard simulant (diethyl sulfide). 116 The as-obtained MOFs displayed high VOC-H 2 O partition coefficients owing to their high hydrophobicity, and would provide high adsorption efficiency for sarin under humid conditions. Up to now, limited work has been conducted on chemical warfare agent adsorption and degradation, probably owing to the low stability of MOFs under humid conditions. However, MOFs offer incredible opportunities for fine tuning their chemical and physical properties. The specific functional groups and pore structure can be tailored. There is still much room for improvement of the application potential in warfare agent removal. This section comprehensively reviews the recent progress on VOC adsorption, and a vast number of MOFs have been designed and employed to efficiently remove VOCs from air, since MOFs surpass other porous sorbents in terms of adsorption capacity and selectivity because of their high surface area, various pore structures and high tunability. Several interactions have been observed for the enhanced adsorption performance, such as cation-π interaction, π-π interaction/ stacking, hydrophobic interactions, H-bonding, acid-base interaction, and pore/size-selective adsorption. Understanding those adsorption mechanisms may shed light on establishing optimal design strategies that could be applied for the removal of a broad range of VOCs under harsh conditions. The versatility in the characteristics of MOFs allows the easy modification of functional groups and tuning of hydrophobic/hydrophilic properties as well as pore structure, holding great potential for their application in real life.
Particulate matter (PM) adsorption with MOFs
PMs containing inorganic substances and organic compounds, as a major air pollution source, have emerged as one of the most serious environmental issues, causing significant harm to human health. PM is highly polar owing to the existence of metal cations, water and organic compounds. 118 There are many functional groups on the surface of PM, such as C-N, -NO 3 , -SO 3 H, and C-O, resulting in the formation of charged PM. 119 Therefore, the development of air-purification materials with electric charges is beneficial for PM capture. Similar to PM, the composition of MOFs involves an inorganic oxide cluster and an organic linker; the coordinated unsaturated metal cations and defects make MOFs charged, and this structure has the advantage of capturing the polarized PMs via dipole-dipole or electrostatic interactions between MOFs and PM. The first report related to MOFs applied in PM purification was contributed by Wang's group. 120 By using a versatile templated freeze-drying protocol method, ZIF-8@SA (SA represents sodium alginate) hollow tubes with different ZIF-8 loading amounts were fabricated. 120 The asprepared cellular ZIF-8@SA was employed as a PM filter for PM capture (Fig. 3a) . It displayed superior efficiency for PM removal owing to the hollow structure giving abundant interaction pathways, with the high positive charge of ZIF-8 and the high polarity of the PM affording 92 ± 2.2% PM 2.5 removal efficiency and 95 ± 2.6% for PM 10 , as displayed in Fig. 3b . The removal efficiency of ZIF-8@SA is much higher than that of SA-based hollow tubes (PM 2.5 = 31 ± 1.2%; PM 10 = 33 ± 1.4%). To further increase the removal efficiency, Kim and co-workers developed hierarchical MOFs by assembling two-dimensional Zn-based zeolite imidazole frameworks, and comparable removal efficiency was observed for PM 2.5 (atmospheric particulate matter with a diameter of 2.5 micrometers or less) and slightly enhanced removal efficiency was obtained for PM 1.0 . 121 Undoubtedly, those works open a new way for the application of MOFs in PM filtration. For practical application, it is important to develop a novel and cost-effective method to scale up MOF-based air-purification materials in mass production as MOFs show great potential in PM filtration. Recently, Wang and co-workers developed a roll-to-roll fabrication method for mass production of MOF-based PM filters by using commercially available substrates (plastic mesh, metal mesh, nonwoven fabric and glass cloth) as hard templates. 122 After immersing the substrate into the MOF precursor containing polyethylene glycol as the initiator, the treated substrate is rolled at 80°C at a speed of 15 rpm several times, then ZIF-8 is coated with the substrates after the rolling back-and-forth, as evidenced by SEM and PXRD characterization. Importantly, such novel fabrication method can be easily scaled up, and the loading number of the MOFs can be controlled by varying the rolling cycles. This fabrication method can not only be applied in synthesizing ZIF-8-based filters but can also be used for synthesis of Co-ZIF-67-and Ni-ZIF-67-based filters. In addition, the porosity and surface area were tested by N 2 sorption. The surface area of ZIF-8@plastic mesh with seven rolling cycles was measured to be 234 m 2 g −1 , and all fabricated filters showed high removal efficiency towards PM pollution over a wide range of temperatures from 80 to 300°C. For practical application, an experiment using as-obtained ZIF-8@plastic mesh filters is carried out in simulated living environment conditions; the filters exhibited excellent removal efficiency for PM 2.5 (56.3 ± 1.6%) and PM 10 (atmospheric particulate matter with a diameter of 10 micrometers or less) (58.4 ± 2.1%) in comparison with bare plastic mesh (14.2 ± 0.4% for PM 2.5 and 17.4 ± 0.8% for PM 10 ) at room temperature. The obtained ZIF-8@plastic mesh filters also display high durability; after cleaning by brush and water and ethanol washing, the removal efficiency of the recycled filter was almost unchanged after three cycles. The easy preparation method for mass production combined with the high efficiency and stability of those filters for PM removal are very promising for real application in PM pollution control. More recently, Yang and co-workers reported a hot-pressing method to coat an imidazole-based ZnĲII) MOF onto various substrates, including carbon fiber, cloth, glass cloth, plastic mesh and melamine foam, which displayed high removal efficiency for real polluted air purification. 123 Nowadays, the development of advanced porous materials for PM purification has become a hot topic, especially in developing countries as PM is a major air pollution source. Recent studies are mainly focused on PM 10 and PM 2.5 captured by using carbon-or polymer-based purification materials. However, little attention has been paid to the capture of PM 1.0 (atmospheric particulate matter with a diameter of 1 micrometer or less). Owing to the high toxicity of PM 1.0 and small particle size, it may enter into human organs, particularly in the case of lung. The capture of PM 1.0 should be the primary target in the near future. In this case, the development of MOF-based air purification materials to efficiently capture PMs with a large range of sizes is important. The strategy idea is to synthesize MOFs with a hierarchical pore structure, where the mesopore and micropore can be utilized to capture PM 1.0 . On the other hand, owing to the high polarity of PM, as discussed above, MOFs with a large number of functional groups and open metal sites offer great opportunities to capture PM with a broad size distribution via dipoledipole interaction or electrostatic interactions.
Modification of MOF-based nanomaterials for enhanced selective VOC adsorption capacity
Gaseous pollutants cause health problems that vary significantly from high toxic pollutants to those with unknown health effects. Some of them may cause immediate symptoms after the exposure to a certain level of concentration. 60 Therefore, the selective adsorption of highly toxic gaseous pollutants is an ongoing challenge. The open metal sites, a large number of functionalities and the tailorable framework of MOFs offer great opportunities for selective adsorption of toxic gaseous pollutants and VOCs. It is clear that targeting a particular functional group on MOFs is critically important for selective adsorption instead of optimizing the surface area alone. Recently, considerable efforts have been dedicated to the modification of MOFs through node engineering and organic linker design strategies. 31, 32, 124, 125 For example, according to the size and composition of VOCs, several modification strategies, such as introducing new functionality to the linker and open metal sites or within the cavity of MOFs, and tuning the electron density of nodes at the atomic level to enhance the adsorption capacity of MOFs towards targeted gaseous pollutants, are reviewed and summarized in detail in the following.
Post-modification via grafting functional groups on open metal sites of MOFs
The coordinatively unsaturated metal nodes within MOFs provide great opportunities for grafting functional groups. Taking MIL-101ĲCr) as an example, ethylene diamine was grafted on the coordinatively unsaturated chromium clusters after removing bound solvent molecules under vacuum conditions. The free amino group was successfully introduced within the pores of the MOFs, leading to binding the gaseous pollutant. 126 Post-modification via grafting functional groups on open metal sites of MOFs has been demonstrated as a promising strategy for tuning the hydrophilic/hydrophobic properties of MOFs. It is widely accepted that the hydrophilic/hydrophobic properties and the thermal stability of an adsorbent significantly affect the adsorption performance towards specific adsorbates. Generally, VOCs are hydrophobic molecules, but most MOFs with high thermal stability are hydrophilic, hindering the efficient adsorption of hydrophobic VOCs onto MOFs. [127] [128] [129] In this case, a novel mechanochemical strategy is proposed to fabricate a dopaminemodified UiO-66(Zr) (noted as M-UiO-66ĲZr-N3.0)) with the aim of enhancing chlorobenzene adsorption. 89 The authors claimed that the modification of MOFs with dopamine significantly weakened the interaction between the electrophilic metal sites of the MOFs and nucleophilic H 2 O, leading to the generation of hydrophobic MOFs as evidenced by the results ) as compared with the unmodified MOFs. The stability of M-UiO-66ĲZr-N 3.0 ) was also investigated by assessing the recycling performance over a wide range of temperature and pressure, and M-UiO-66ĲZr-N 3.0 ) can be repeatedly used for four cycles with a slightly decrease in its adsorption capacity, indicating the outstanding reversibility of VOC adsorption. Such dopamine-modified MOFs exhibiting remarkable competitive adsorption towards VOCs against H 2 O emerge as a promising adsorbent for VOCs under highly humid conditions, as H 2 O easily decreased the adsorption capacity of MOFs towards VOCs by occupying the reactive sites and collapsing the structure of the MOFs.
There are many other advantages for the modification of coordinatively unsaturated metal nodes of MOFs with functional groups, such as changing the interactions with gaseous pollutants, increasing the binding sites, tuning the hydrophilic/hydrophobic properties of MOFs, preventing the adsorption of H 2 O on coordinatively unsaturated metal nodes, and enhancing the stability of MOFs. Therefore, this strategy is specially recommended for adsorption of toxic gases under humid conditions.
Post-modification via grafting functional groups on organic linkers of MOFs
As elucidated above, MOFs are highly porous materials based on organic molecules as linkers, possessing high surface area and adjustable skeletons. These advantages provide unprecedented possibilities for post-synthetically grafting functional groups on organic linkers to introduce new functionalities for chemical adsorption of VOCs.
Gao and co-workers reported a post-modification method for the synthesis of MOFs with a free binding site by using a multi-dentated molecule (2,2′-bipyridyl-5,5′-dicarboxylate (bpydc)) as an organic linker to bridge the Zr 6 O 4 ĲOH) 4 cluster (UiO-67-bpy). Then an N-methylated MOF (UiO-67-dmbpy) was prepared by stirring UiO-67-bpy and methyl trifluoromethanesulfonate (TfOMe) under mild and neat conditions, as shown in Fig. 4 . 130 The surface area of N-methylated MOFs decreased significantly after N-methylation because the trifluoromethanesulfonate anions and methyl groups occupied the pores of the MOFs, confirming the successful N-methylation of UiO-67-bpy. The adsorption properties of UiO-67-dmbpy were tested with a wide range of VOCs. N-Methylated MOFs displayed a significantly enhanced adsorption capacity for butylamine as compared with unmodified MOFs, suggesting that N-methylated MOFs show a higher affinity than that of the parent MOFs towards alkylamine adsorption. The authors claimed that the enhanced affinity is essentially caused by the interactions between the electron-deficient bipyridinium moiety and the electron-rich adsorbate. Moreover, the adsorbed adsorbate can be removed by exposing the adsorbent to air or by heating or washing with common solvents, and the performance for capturing alkylamines was also same as the first cycle, suggesting the good recyclability of N-methylated MOFs. In addition, the introduction of an electron-donating group, such as -OH, -NH 2 , -COOH, -NO 2 , or SO 3 H, within MOFs is also reported to enhance the adsorption performance of MOFs for gaseous pollutants via H-bonding and acid-base interaction. Moreover, using strong-field ligands such as an azolate-terminated organic ligand to build MOFs, and pre-or post-synthetic incorporation of alkane or fluoroalkane in the organic linker is also reported for tuning the hydrophilic/hydrophobic properties of MOFs against water vapor and introducing new binding sites for gaseous pollutant adsorption, leading to the improved adsorption performance of modified MOFs. 83, [131] [132] [133] 3.3 Post-modification via incorporating ionic elements, polyoxometalates (POMs) and other functional materials within MOFs
POMs are nanosized metal-oxide macroanions with 3-dimensional frameworks that consist of a few transition metal oxyanions bridged by oxygen atoms. POMs can interact with appropriate macrocations to form ionic crystals. Therefore, it is easy to imagine that incorporation of POMs within the cavity of MOFs can greatly enhance the adsorption capacity towards polar organic compounds, holding great potential in VOC removal. Furthermore, the corporation of metal cations within MOFs may also offer binding sites for organic vapors owing to the formation of cation-π interactions, a noncovalent molecular interaction formed by donation of some electrons from π-orbitals of organic vapors (especially for aromatic compounds or olefins) to the vacant s-orbitals of the metal cations, and along with electrons of d-orbitals of metal cations donated to the empty of anti-bonding π-orbitals of organic vapors. For example, Su and co-workers reported the incorporation of POMs within porous MOFs (denoted as POMs/MOFs) for VOC adsorption. 134 After incorporation of POMs within MOFs, the thermal stability of such hybrid composites increased from 240°C to 300°C, but the surface area of the POMs/MOFs decreased from 1507 m 2 g hanced adsorption capacity for benzothiophene owing to the π-complexation as well as the porosity/acidity of the MOFs. 81 Ma and co-workers incorporated Ag + within a porous aromatic framework for selective adsorption of ethylene over ethane. The Ag + -functionalized porous materials displayed significantly higher affinity towards ethylene than ethane owing to the formation of π-complexation.
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In addition to incorporating metal cations within the cavity of MOFs, a facile strategy that has been employed for introducing an accessible metal ion with high affinity to certain toxic gas/vapors is post-synthetic metalation. This method can be applied to incorporate various metal ions into the pores of MOFs with the aim of enhancing the adsorption capacity of MOFs. There are a large number of multidentate organic molecules that can be used for the construction of MOFs, such as TCPP (4,4′4″,4‴-(porphyrin-5,10,15,20-tetrayl)tetrabenzoate) and 2,2′-bipyridine-5,5′-dicarboxylic acid. 138 The primary functional group, -COOH, is used for the construction of the framework, while the secondary functional group within the framework is applied for chelating metal ions. For example, Kaskel et al. synthesized UiO67Ĳbipy) (constructed by using 2,2′-bipyridine-5,5′-dicarboxylic acid as the organic linker and Zr ion as the connecting center). In this case, the primary functional group of the organic ligand, -COOH, is used for linking the Zr ion to form the framework of the MOFs, where the secondary functional group, unoccupied N, is applied for chelating other metal ions (such as Ni 2+ , Co 2+ , Co 2+ ) and those metal-chelated
MOFs showed enhanced adsorption capacities for H 2 S.
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Graphite and GO are layered materials that possess many functional groups, also showing high capacity for organic and inorganic toxic gas/vapor adsorption. 18 Therefore, the integration of various MOFs with graphite and GO for toxic gas adsorption is also promising for gaseous pollutant adsorption. Indeed, the adsorption performance for gaseous pollutants, including NH 3 , NO 2 , H 2 S, acetone and n-hexane, is enhanced after the integration of graphite or graphite oxide. [139] [140] [141] [142] The interaction between MOFs and oxygen on graphite and graphite oxide leads to the formation of new pore space, which can enhance the adsorption of toxic gases. 54 
MOF-based photocatalysts for gaseous pollutant degradation
MOF-based nanomaterials display enormous potential for the adsorption of gaseous pollutants owing to their high porosity and chemical diversity. However, the problems with the regeneration of MOF adsorbents and secondary pollution need to be solved. Recently, photocatalysis with a semiconductor has been proven to be efficient in the degradation of a wide range of organic pollutants as well as detoxification of hazardous compounds in practical applications. 16, [60] [61] [62] 143 Recently, MOFs have also been demonstrated as semiconductors and are capable of generating reactive charges and transferring the photo-generated charges to reactive sites for in situ degrading organic compounds into CO 2 and water upon light irradiation, resulting in the regeneration of adsorbent MOFs and avoiding secondary pollution. The unique chemical and physical properties of MOFs hold great potential for photocatalytic degradation of VOCs. MOFs are composed of transition metal ions as connecting centers and organic molecules as linkers. It is easy to understand that MOFs are typically characterized by the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO). Similar to semiconductors, photogenerated electrons migrate from the HOMO state to the LUMO state after light adsorption by the organic linker and quantum sized cluster. The photogenerated charges subsequently transfer to the surface of the metal oxide cluster to take part in photocatalytic oxidation of VOCs, and the charge transfer pathways are various based on the composition of the MOFs. [144] [145] [146] Most of the charge-transfer pathways are based on ligand-to-metal charge transfer (LMCT); in addition to the LMCT mechanism, ligand-to-ligand transfer, metal-toligand charge transfer, and metal-to-metal-to-ligand charge transfer mechanisms have also been proposed in various photocatalytic reactions. 144 As discussed above, the open metal sites of MOFs play an important role in the adsorption of toxic gases via various interactions between the open metal sites of the MOF and toxic gas. However, the strong binding force significantly hampered the regeneration of adsorbent MOFs. Photocatalytic oxidation/degradation of toxic gases over adsorbent MOFs is a promising way to the regeneration of adsorbent MOFs. It is well known that the open metal site is transitional metal, which can not only serve as a binding site for toxic gas adsorption but also as an active site for the generation of active radicals, which is highly active for toxic gas oxidation/decomposition. Recently, an Ag-doped MOF-like organotitanium polymer was synthesized for photocatalytic NO oxidation. It was found that the photo-generated active charges, including super oxide anions, hydroxyl radicals, and holes, are the reason for the high photocatalytic activity towards NO oxidation. 147 Further study also focused on the integration of GO with titanium-based MOFs (NH 2 -MIL-125ĲTi)) to improve photocatalytic NO oxidation, and high photocatalytic activity and stability of this composite was observed. In addition, doping MOFs with semiconductors/POMs should also be regarded as the ideal case for toxic gas oxidation, where MOFs have a positive effect on the adsorption and activation of toxic gas. Dai and co-workers doped ZIF-8 onto Au/TiO 2 for CO oxidation. It was demonstrated that the adsorption and activation of CO and O 2 by Au/TiO 2 were promoted after ZIF-8 doping. 148 In addition, POMs encapsulated within copperbased MOFs displayed enhanced adsorption capacity towards NO as well as photocatalytic activity for NO decomposition. 149 Therefore, coupling semiconductors/electronic materials with MOFs is feasible to increase the photocatalytic performance for toxic gas decomposition/oxidation and will be a hot topic for air purification in future study. 148 Chen and co-workers reported iron-based MOFs with hexagonal microspindle structure (NH 2 -MIL-101ĲFe)) for visiblelight driven photocatalytic degradation of toluene. 151 The On the other hand, the integration of a conductive material with a semiconductor has been demonstrated as an effective way of inhibiting photogenerated electron-hole recombination. Among various conductive materials, GO has been widely used for effectively improving the semiconductor photocatalytic performance owing to its large surface area and abundant functional groups in accelerating photogenerated electron-hole separation and allowing MOFs to disperse well onto the surface of GO. Recently, titaniumbased MOFs (NH 2 -MIL-125ĲTi)) have been decorated on the surface of GO for photocatalytic oxidation of acetaldehyde under visible light irradiation. The as-obtained composites displayed higher photocatalytic activity than that of pure titanium-based MOFs. In the case of NH 2 -MIL-125ĲTi) for photocatalytic reaction, the electron was excited from the linker of the MOFs upon light irradiation, then the excited electrons migrate to the cluster of MOFs, and the electrons are further injected into the GO to form superoxide anions for acetaldehyde oxidation. Besides loading semiconductors/ POMs onto MOFs, embedding metal nanoparticles within MOFs that can thermally decompose the VOCs at a certain reaction temperature is a proposed research direction for the regeneration of adsorbent MOFs. 8, 153 With the aim of thoroughly solving pollution problems caused by gaseous pollutants, particular attention should be paid to the research opportunity regarding the development of advanced MOFs photocatalysts for photocatalytic degradation of gaseous pollutants into non-toxic substances under mild reaction conditions, which will be regarded as a green and sustainable technology in the near future since it overcomes the problems of adsorbent regeneration and secondary pollution, which often occur in adsorption technology. Although MOFbased photocatalysts for the degradation of gaseous pollutants are still in their infancy, the significant chemical diversity and high tunability of MOFs offer incredible opportunities for the rational design of MOF-based photocatalysts for enhancing photocatalytic performance, and we believe that the research on this topic will attract great attention in the future.
Conclusion and outlooks
This review comprehensively summarizes the advantages and high versatility of MOFs in gaseous pollutant purification by means of adsorption capturing or photocatalytic oxidation. MOFs have emerged as an alternative to traditional porous materials owing to their fascinating structure and unique property. The improved treatment efficiency for gaseous pollutants was due to i) ultrahigh surface area and adequate pore size/shape, significant structural diversity of MOFs for adsorptive capture gaseous pollutants, and ii) abundant open metal sites as well as certain functionalities within MOFs for chemical adsorption of gaseous pollutants via specific interactions (including acid-base interaction, electrostatic interaction, π-complex formation, π-π interaction, H-bonding and coordination bonds). Understanding the adsorption mechanisms summarized in this review is highly desirable for properly designing MOFs for capturing targeted organic and inorganic gaseous pollutants, because the modular nature of MOF synthesis allows us to rationally design and finely tune their physical and chemical properties at the molecular level, making the pores, cavities, electronic structures, surface functional groups and hydrophobic/hydrophilic properties of MOFs. However, despite such significant efforts, there still have many scientific issues and challenges in the purification of gaseous pollutants.
First, the most reported MOFs are still suffering from low stability and poor recyclability. The coordination bonds between single metal ions or polynuclear metal clusters and multi-dentate organic molecules are mild. The entire framework of MOFs is supported by weak coordination bonds. On the other hand, the nodes of MOFs are mainly composed of a transition metal and oxygen, which have very high affinity towards water, and hydrolysis reactions occur after water adsorption, which cause a significant decrease of the binding sites and collapse of the MOF framework. Therefore, the stability of MOFs is the most serious problem hindering their practical application. The key strategy is to controllably synthesize MOFs with a robust framework and high resistance towards water vapor. The following aspects are suggested for enhancing the stability of MOFs: 1) enhancing the coordination force and optimizing the coordination number between the inorganic and organic parts; 2) tuning the hydrophobic/ hydrophilic properties of MOFs to endow MOFs with waterresisting property; 3) incorporation of rigid pillars into MOFs, to enhance the adsorption capacity as well as the stability of MOFs; and 4) grafting functional groups on the open metal sites of MOFs to prevent the adsorption of H 2 O and hinder the hydrolysis of metal clusters.
Second, the photocatalytic efficiency of MOFs for removing gaseous pollutants is still very low and the photocatalytic reaction mechanisms have not been carefully studied. The following issues still need further elaboration with the aim of completely converting VOCs to non-toxic substances: 1) further in-depth studies on the photogenerated electron transfer pathways are urgently needed; 2) the positive and negative effects of photogenerated active species on the stability of MOF should be carefully studied; and 3) much attention still needs to be paid to elucidation of the pollutant degradation pathways. The understanding of these issues can help in the rational design of MOF-based photocatalysts with high removal efficiency. Third, the selective adsorption of highly toxic gaseous pollutants is still an ongoing challenge. The reasons that gaseous pollutants cause health problems vary significantly from highly toxic pollutants to those with unknown health effects. Based on the polarity, size/shape, and functionality of the adsorbate, a proper modeling and simulation method is highly desirable, not only for simulating the interactions between MOFs and gaseous pollutants, but also for calculating the adsorption capacity, enthalpy and diffusion constant. This is essentially important for the rational design of MOFs for selective adsorption of a targeted gaseous pollutant.
Finally, the cost for fabrication of MOFs is still very high. As potential adsorbents for industrial application, MOFs have attracted a great deal of interest. However, the starting materials are very expensive, and the fabrication of MOFs is usually carried out in organic solvents at high reaction temperatures, and the yield is still very low. These shortcomings hamper the industrial applications of MOFs. Therefore, looking for cheap starting materials and efficient synthetic fabrication methods for the preparation of MOFs with a large production scale is highly desirable.
The future development of MOF-based adsorbents for removing gaseous pollutants from the environment still needs deeper understanding and many challenges remain in this emerging field. We believe that in the near future these new porous materials with unique properties can serve as alternatives to the traditional inorganic adsorbents that are available on the market.
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